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P. Wang
Institute of High Energy Physics, CAS, P. O. Box 918(4), Beijing 100049, China and
Theoretical Physics Center for Science Facilities, CAS, Beijing 100049, China
Chiral perturbation theory is a powerful method to investigate the hadron properties. We apply
the non-local chiral effective Lagrangian to study nucleon magnetic form factors. The octet and
decuplet intermediate states are included in the one loop calculation. With the modified propaga-
tors and non-local interactions, the loop integral is convergent. The obtained proton and neutron
magnetic form factors are both reasonable up to relatively large Q2.
I. INTRODUCTION
The study of electromagnetic properties of hadrons has attracted a lot of interest for many years. Though QCD
is the fundamental theory to describe the strong interaction, it is difficult to apply it directly to study the hadron
properties due to the non-perturbative property. There are many phenomenological models based on hadron or
quark level such as cloudy bag model [1], the constituent quark model [2, 3], the 1/Nc expansion approach [4], the
perturbative chiral quark model [5], non-local quark meson coupling model [6], the extended vector meson dominance
model [7], the quark-diquark model [8] and the Schwinger-Dyson formalism [9–11], etc.
As well as the above model calculations, there are also many lattice-QCD studies of the electromagnetic form factors.
Significant efforts to probe baryon electromagnetic structure in lattice QCD have been driven by the Adelaide group
[12, 13], the Cyprus group [14], and the QCDSF [15–17] and LHP Collaborations [18, 19]. Though lattice QCD
is the most rigorous approach, most quantities are simulated with large quark (π) mass because of the computing
limitations. Therefore, it is necessary to extrapolate the lattice data to the physical π mass.
Chiral perturbation theory (χPT) is a systematic tool in studying hadron physics and the Lagrangian is well defined
and based on the chiral symmetry which is the same as QCD. Various formulations of χPT have also been widely
applied to study the hadron properties. [20–23]. To deal with the divergence of the loop integral, most formulations
of χPT are based on dimensional or infrared regularization. With dimensional regularization, it has been observed
that expansions in χPT are consistent with experimental results up to Q2 ≃ 0.1GeV2 [21]. Extensions of χPT to
explicitly incorporate vector mesons have been demonstrated to improve the applicability to Q2 ≃ 0.4GeV2 [24].
An alternative regularization method, namely finite-range-regularization (FRR) is widely applied in the chiral
extrapolation of the lattice data. A ultraviolet regulator reflects the structure of hadrons is introduced in the loop
integral. FRR effective field theory (EFT) was first applied in the extrapolation of the nucleon mass and magnetic
moments [25–27]. The remarkably improved convergence properties of the FRR expansion mean that lattice data
at large pion masses can be described very well and the nucleon mass obtained at the physical pion mass compared
favorably with the experimental value. Later, the FRR method was applied to extrapolate the vector meson mass,
magnetic moments, magnetic form factors, strange form factors, charge radii, first moments of GPDs, etc. [28–37].
Therefore, to study the hadron properties at relatively large Q2 and pion mass. It is important to consider the
size effect of the hadrons. In the previous work, we proposed a new quantization condition, i.e. solid quantization
[38, 39]. With the solid quantization, the modified propagators of the hadrons as well as the non-local interaction are
obtained. Compared with the FRR EFT, the ultraviolet regulator can be derived from the Lagrangian. In this paper,
we will apply the non-local Lagrangian in the heavy baryon formalism to study the nucleon magnetic form factors
up to relatively large Q2. The paper is organized as follows. In section II, we briefly introduce the chiral Lagrangian
which will be used in our loop calculation. The nucleon magnetic form factor is derived in section III. Numerical
results are presented in section IV. Finally, section V is a summary.
II. CHIRAL LAGRANGIAN
There are many papers which deal with heavy baryon chiral perturbation theory – for details see, for example, Refs.
[40–42]. For completeness, we briefly introduce the formalism in this section. In the heavy baryon chiral perturbation
theory, the lowest chiral Lagrangian for the baryon-meson interaction which will be used in the calculation of the
nucleon magnetic moments, including the octet and decuplet baryons, is expressed as
2Lv = iTrB¯v(v · D)Bv + 2DTrB¯vSµv {Aµ, Bv}+ 2FTrB¯vSµv [Aµ, Bv]
−iT¯ µv (v · D)Tvµ + C(T¯ µv AµBv + B¯vAµT µv ), (1)
where Sµ is the covariant spin-operator defined as
Sµv =
i
2
γ5σµνvν . (2)
Here, vν is the nucleon four velocity (in the rest frame, we have vν = (1, 0)). D, F and C are the coupling constants.
The chiral covariant derivative Dµ is written as DµBv = ∂µBv + [Vµ, Bv]. The pseudoscalar meson octet couples to
the baryon field through the vector and axial vector combinations
Vµ =
1
2
(ζ∂µζ
† + ζ†∂µζ), Aµ =
1
2
(ζ∂µζ
† − ζ†∂µζ), (3)
where
ζ = eiφ/f , f = 93 MeV. (4)
The matrix of pseudoscalar fields φ is expressed as
φ =
1√
2


1√
2
π0 + 1√
6
η π+ K+
π− − 1√
2
π0 + 1√
6
η K0
K− K¯0 − 2√
6
η

 . (5)
Bv and T
µ
v are the velocity dependent new fields which are related to the original baryon octet and decuplet fields B
and T µ by
Bv(x) = e
imN 6vvµxµB(x), (6)
T µv (x) = e
imN 6vvµxµT µ(x). (7)
In the chiral SU(3) limit, the octet baryons will have the same mass mB. In our calculation, we use the physical
masses for baryon octets and decuplets. The explicit form of the baryon octet is written as
B =


1√
2
Σ0 + 1√
6
Λ Σ+ p
Σ− − 1√
2
Σ0 + 1√
6
Λ n
Ξ− Ξ0 − 2√
6
Λ

 . (8)
For the baryon decuplets, there are three indices, defined as
T111 = ∆
++, T112 =
1√
3
∆+, T122 =
1√
3
∆0, (9)
T222 = ∆
−, T113 =
1√
3
Σ∗,+, T123 =
1√
6
Σ∗,0,
T223 =
1√
3
Σ∗,−, T133 =
1√
3
Ξ∗,0, T233 =
1√
3
Ξ∗,−, T333 = Ω−.
The octet, decuplet and octet-decuplet transition magnetic moment operators are needed in the one loop calculation
of nucleon magnetic form factors. The baryon octet magnetic Lagrangian is written as:
L = e
4mN
(
µDTrB¯vσ
µν
{
F+µν , Bv
}
+ µFTrB¯vσ
µν
[
F+µν , Bv
])
, (10)
where
F+µν =
1
2
(
ζ†FµνQζ + ζFµνQζ†
)
. (11)
3Q is the charge matrix Q =diag{2/3,−1/3,−1/3}. At the lowest order, the Lagrangian will generate the following
nucleon magnetic moments:
µp =
1
3
µD + µF , µn = −2
3
µD. (12)
The decuplet magnetic moment operator is expressed as
L = −i e
mN
µCqijk T¯
µ
v,iklT
ν
v,jklFµν , (13)
where qijk and qijkµC are the charge and magnetic moment of the decuplet baryon Tijk. The transition magnetic
operator is
L = i e
2mN
µTFµν
(
ǫijkQ
i
lB¯
j
vmS
µ
v T
ν,klm
v + ǫ
ijkQliT¯
µ
v,klmS
ν
vB
m
vj
)
. (14)
In Ref. [43], the authors used µu, µd and µs instead of the µC and µT . For the particular choice, µs = µd = − 12µu,
one finds the following relationship:
µD =
3
2
µu, µF =
2
3
µD, µC = µD, µT = −4µD. (15)
In our numerical calculations, the above formulas are used and therefore all baryon magnetic moments are related to
one parameter, µD.
The above local Lagrangian need to be replaced by the non-local form if we take the size of the hadrons into account.
The gauge invariant Lagrangian of the first term of Eq.(1) can be written as [39]
∫
d3aiψ¯′(t, ~x+
~a
2
)vµ · (Dµ − ieeffAµ(x))ψ′(t, ~x− ~a
2
)F (~a), (16)
where
ψ¯′(t, ~x+
~a
2
) = ψ¯(t, ~x+
~a
2
)eie
j
eff
I(~x+~a/2,~x), (17)
ψ′(t, ~x − ~a
2
) = e−ie
j
eff
I(~x−~a/2,~x)ψ(t, ~x− ~a
2
), (18)
where ejeff is expressed as
ejΨ(~a)
F (~a) and ej is the charge of hadron j. Similarly, the local nucleon-meson interaction can
be changed to be a non-local interaction for non-point particles. For example,
TrB¯vS
µ
v ∂µφBv ⇒
∫
d3a
∫
d3bTr
[
B¯′v(x+
~a
2
)Sµv ∂µφ
′(x+~b)B′v(x−
~a
2
)
]
ΦB(~a)ΦM (~b). (19)
where
φ′(~x+~b) = e−ie
j
eff
I(~x+~b,~x)φ(~x +~b). (20)
with I(~y, ~x) =
∫ ~y
~x dzµA
µ(z). In the above equations, Φ˜B(~p
2) and Φ˜M (~p
2) are the Fourier transformation of ΦB(~a)
and ΦM (~b) which are related to the free nucleon and meson wave function.
As in Ref. [39], due to the non-point property of hadrons, in the heavy baryon formalism, the propagators of the
octet and decuplet baryon, j can be written as
iΦ˜B(~p
2)
v · k − δjN + iε and
iPµνΦ˜B(~p
2)
v · k − δjN + iε , (21)
where Pµν is vµvν − gµν − (4/3)Sµv Sνv . δab = mb − ma is the mass difference of between the two baryons. The
propagator of meson j (j = π, K, η) is expressed as
iΦ˜M (~k
2)
k2 −M2j + iε
. (22)
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FIG. 1: Feynman diagrams for the nucleon magnetic form factor.
III. MAGNETIC FORM FACTORS
In the heavy baryon formalism, the nucleon form factors are defined as:
< B(p′)|Jµ|B(p) >= u¯(p′)
{
vµGE(Q
2) +
iǫµναβv
αSβv q
ν
mN
GM (Q
2)
}
u(p), (23)
where q = p′ − p and Q2 = −q2. According to the Lagrangian, the one loop Feynman diagrams which contribute to
the nucleon magnetic moments are plotted in Fig. 1. Fig. 1a and Fig. 1b provide the leading order contribution while
the other diagrams give the next to leading order contribution. The contributions to nucleon magnetic form factors
of Fig. 1a are expressed as
G
p(1a)
M =
mN (D + F )
2
8π3Λ2
INN1π +
mN (D + 3F )
2INΛ1K + 3mN(D − F )2INΣ1K
48π3Λ2
, (24)
G
n(1a)
M = −
mN (D + F )
2
8π3Λ2
INN1π +
mN (D − F )2
8π3Λ2
INΣ1K . (25)
The integration Iαβ1j is expressed as
Iαβ1j =
∫
d
−→
k
k2yW1(ωj(
−→
k +−→q /2) + ωj(−→k −−→q /2) + δαβ)
Aαβj
, (26)
where
Aαβj = ωj(
−→
k +−→q /2)ωj(−→k −−→q /2)(ωj(−→k +−→q /2) + δαβ)
(ωj(
−→
k −−→q /2) + δαβ)(ωj(−→k +−→q /2) + ωj(−→k −−→q /2)). (27)
5ωj(
−→
k ) =
√
m2j +
−→
k 2 is the energy of the meson j. W1 is the additional function related to Φ˜B and Φ˜M , expressed as
W1 = Φ˜((
~q
2
)2)Φ˜2(~k2)Φ˜2((~k +
~q
2
)2)Φ˜2((~k − ~q
2
)2)Φ˜((
~k
2
+
~q
4
)2)Φ˜((
~k
2
− ~q
4
)2). (28)
The first terms in Eqs. (24) and (25) come from the π meson cloud contribution. The second terms come from the K
meson cloud contribution. This diagram was studied in our previous paper [31, 37] where the regulator is introduced
“by hand”. Here, the function W1 is obtained from the modified propagator and the non-local Lagrangian. The
modified baryon and meson propagators give the factor Φ˜B(~k
2)Φ˜M ((~k +
~q
2 )
2)Φ˜M ((~k − ~q2 )2). The non-local baryon-
meson interaction provides the factor Φ˜M ((~k +
~q
2 )
2)Φ˜M ((~k − ~q2 )2)Φ˜B((
~k
2 +
~q
4 )
2)Φ˜B((
~k
2 − ~q4 )2), while the non-local
photon-meson interaction provides the factor Φ˜M (~k
2). The factor Φ˜B((
~q
2 )
2) is from the external free nucleon. For
simplification, we have chosen the correlation function Φ˜B(~p
2) = Φ˜M (~p
2) = Φ˜(~p2).
Fig. 1b is the same as Fig. 1a but the intermediate states are decuplet baryons. Their contributions to the magnetic
form factors are expressed as
G
p(1b)
M =
mNC2
36π3Λ2
IN∆1π −
mNC2
144π3Λ2
INΣ
∗
1K , (29)
G
n(1b)
M = −
mNC2
36π3Λ2
IN∆1π −
mNC2
72π3Λ2
INΣ
∗
1K . (30)
The contributions to the form factors from Fig. 1c are expressed as
G
p(1c)
M =
(D + F )2(µD − µF )
192π3Λ2
INN2π −
1
192π3Λ2
[
(D − F )2(2µF + µD)INΣ2K − (
D
3
+ F )2µDI
NΛ
2K
−(D − F )(2D
3
+ 2F )µDI
NΛΣ
5K
]
− (
D
3 − F )2(µD + 3µF )
192π3Λ2
INN2η , (31)
G
n(1c)
M = −
(D + F )2µF
96π3Λ2
INN2π −
1
192π3Λ2
[
(D − F )2(µD − 2µF )INΣ2K − (
D
3
+ F )2µDI
NΛ
2K
+(
2D
3
+ 2F )(D − F )µDINΛΣ5K
]
+
(D3 − F )2µD
96π3Λ2
INN2η , (32)
where
Iαβ2j =
∫
d
−→
k
k2W2
ωj(
−→
k )(ωj(
−→
k ) + δαβ)2
, (33)
Iαβγ5j =
∫
d
−→
k
k2W2
ωj(
−→
k )(ωj(
−→
k ) + δαβ)(ωj(
−→
k ) + δαγ))
. (34)
The function of W2 is expressed as
W2 = Φ˜((
~q
2
)2)Φ˜4(~k2)Φ˜((~k +
~q
2
)2)Φ˜((~k − ~q
2
)2)Φ˜((
~k
2
+
~q
2
)2)Φ˜((
~k
2
− ~q
2
)2). (35)
The magnetic moments of nucleon in the chiral limit, expressed in terms of µD and µF , are used in the one loop
calculations.
The contributions to the form factors of Fig. 1d are expressed as
G
p(1d)
M =
5C2µC
162π3Λ2
IN∆2π +
5C2µC
1296π3Λ2
INΣ
∗
2K , (36)
G
n(1d)
M = −
5C2µC
648π3Λ2
IN∆2π −
5C2µC
1296π3Λ2
INΣ
∗
2K . (37)
6Fig. 1e and Fig. 1f give the following contributions to the form factors:
G
p(1e+1f)
M =
(D + F )CµT
108π3Λ2
IN∆3π +
5(D − F )CµT
864π3Λ2
INΣΣ
∗
5K +
(D + 3F )CµT
864π3Λ2
INΛΣ
∗
5K , (38)
G
n(1e+1f)
M = −
(D + F )CµT
108π3Λ2
IN∆3π +
(D − F )CµT
864π3Λ2
INΣΣ
∗
5K −
(D + 3F )CµT
864π3Λ2
INΛΣ
∗
5K , (39)
where
Iαβ3j =
∫
d
−→
k
k2W2
ωj(
−→
k )2(ωj(
−→
k ) + δαβ)
. (40)
The total nucleon magnetic form factors can be written as
GpM (Q
2) = ZGp0M +
f∑
k=a
G
p(1k)
M (Q
2), (41)
GnM (Q
2) = ZGn0M +
f∑
k=a
G
n(1k)
M (Q
2), (42)
where Gp0M and G
n0
M are the tree level magnetic form factors expressed as
Gp0M = (
1
3
µD + µF )Φ˜((
~q
2
)2), Gn0M = −
2
3
µDΦ˜((
~q
2
)2). (43)
Z is the wave function renormalization constant, expressed as
Z = 1− 3(D + F )
2
64π3Λ2
∫
d3k
~k2W3
ω3(~k)
− C
2
24π3Λ2
∫
d3k
~k2W3
ω(~k)(ω(~k) + δ)2
, (44)
where W3 is expressed as
W3 =
Φ˜((~q2 )
2)
Φ˜(Q2 = 0)
W1(Q
2 = 0) (45)
Here we did not include the tadpole contribution. In fact, the tadpole contribution is highly suppressed due to the
finite size of the hadrons. For example, for the proton magnetic form factors, the tadpole contribution is written as
G
p(tad)
M = −
(µD + µF )
32π3Λ2
I4π , (46)
where
I4π =
∫
d3k
W4
ωπ(~k)
. (47)
W4 is expressed as
W4 =
∫
d3l
(2π)3
Φ˜((
~q
2
)2)Φ˜(~k2)Φ˜(~l2)Φ˜((~k +~l)2)Φ˜((~k −~l)2). (48)
The function Φ˜(~k2) is from the meson propagator, while the additional l integral of Φ˜(~l2)Φ˜((~k+~l)2)Φ˜((~k−~l)2) is due
to the non-local four-particle interaction. The tadpole contribution of Fig. 1g was not included in our previous work
of nucleon magnetic form factors [37, 44]. In this work, numerical result shows that the tadpole contribution to the
nucleon form factors is very small. It is less than 1% of nucleon magnetic moments. Therefore, it can be neglected
naturely in our calculation.
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FIG. 2: Proton magnetic form factor versus momentum transfer Q2. The solid line is for the empirical result. The dashed and
dotted lines are for the standard and modified Gauss functions, respectively.
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FIG. 3: Same as Fig. 2 except that the dashed and dotted lines are for the standard and modified dipole functions, respectively.
IV. NUMERICAL RESULTS
In the numerical calculations, the parameters are chosen as D = 0.76 and F = 0.50 (gA = D + F = 1.26). The
coupling constant C is chosen to be −1.2 which is the same as Ref. [45]. There is a parameter Λ in the Lagrangian,
whose value is Fπ for the local case. Here, the local interaction is modified to the non-local one, Λ is different from
Fπ which will be determined as a free parameter.
The low energy constant µD is chosen as our previous paper [31, 37], i.e. µD is 2.40 and 2.05 for proton and neutron,
respectively. For the correlator, four kinds of functions are tested. First we calculate the proton magnetic form factor
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FIG. 4: Same as Fig. 2 but for neutron magnetic form factor.
with standard Gauss function
Φ˜1(~k
2) = exp{−( |
~k|
Λ′
)2} (49)
and modified Gause function
Φ˜2(~k
2) = exp{−( |
~k|
Λ′
)2.5}. (50)
In the above functions, Λ′ is a parameter. Therefore, there are two free parameters Λ and Λ′ need to be determined.
They are determined by the experimental proton and neutron magnetic moments.
The proton magnetic form factor GpM (Q
2) versus Q2 is plotted in Fig. 2. The dashed and dotted lines are for the
standard and modified Gauss functions, respectively. The solid line is for the empirical parametrization GpM (Q
2) =
2.79/(1+Q2/0.71 GeV2)2. From the figure, one can see that the calculated proton magnetic form factor is comparable
with the experimental data for both correlators up to Q2 = 2 GeV2. For the standard Gauss function, the proton
magnetic form factor at low Q2 drops faster than the modified Gauss function. resulting a larger magnetic radius. The
radii are 1.12 fm2 and 0.72 fm2, respectively. The radius from the modified Gauss function is close to the experimental
value which can also be seen from Fig. 2 since at low Q2, the dotted line is much closer to the empirical line.
We also tried the standard dipole function
Φ˜3(~k
2) = 1/(1 + (
|~k|
Λ′
)2)2 (51)
and modified dipole function
Φ˜4(~k
2) = 1/(1 + (
|~k|
Λ′
)3)2. (52)
The numerical results are plotted in Fig. 3. Same as Fig. 2 except the dashed and dotted lines are for the standard
and modified dipole functions, respectively. In these cases, the proton magnetic form factors can be described well
up to 2 GeV2 as well. At low Q2, the modified dipole function behaves better which gives a better magnetic radius.
The neutron magnetic form factors for the Gauss-type functions are shown in Fig. 4. The solid, dashed and dotted
lines are results of the empirical, the standard Gauss and modified Gauss functions, respectively. For the calculation
of neutron form factor, all the parameters are kept same as in the proton case. From the figure, one can see the
calculated neutron magnetic form factor is comparable with the experimental data up to 2 GeV2. At low energy
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FIG. 5: Same as Fig. 3 but for neutron magnetic form factor.
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FIG. 6: Proton magnetic form factor versus momentum transfer Q2. The solid, dashed, dotted and dash-dotted lines are for
the total, tree-level, leading order and next to leading order contribution, respectively
transfer, the neutron magnetic form factor increases faster than the empirical data for both cases which means the
calculated magnetic radii are larger than the experimental data. The magnetic radius of neutron obtained with the
modified Gauss function is about 1 fm which is comparable with the experimental data 0.87 fm.
The neutron magnetic form factors for the dipole-type functions are shown in Fig. 5. Again, the calculated form
factor is comparable with the empirical data up to Q2 = 2 GeV2. The radius obtained from modified dipole function
is also about 1 fm which better than that for the standard dipole function.
In Fig. 6, we plot the contributions to the proton magnetic form factor separately. The solid, dashed, dotted and
dash-dotted lines are for the total, tree-level, leading order and next to leading order contribution, respectively. From
the figure, one can see that loop and tree-level contribute about 30% and 70% to the proton magnetic moment. With
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FIG. 7: Same as Fig. 6 but for neutron magnetic form factor.
TABLE I: .
Proton Neutron
Λ (GeV) Λ′ (GeV) µD µp r
2
M (fm
2) Λ (GeV) Λ′ (GeV) µD µn r
2
M (fm
2)
Set 1 0.032 0.45 2.40 2.79 1.12 0.032 0.45 2.03 −1.91 1.47
Set 2 0.041 0.47 2.40 2.79 0.72 0.041 0.47 2.03 −1.92 1.02
Set 3 0.026 0.52 2.40 2.79 1.40 0.026 0.52 2.03 −1.90 1.82
Set 4 0.042 0.52 2.40 2.79 0.73 0.042 0.52 2.03 −1.92 1.04
the increasing Q2, the tree-level (3-quark core) contribution is dominant. When Q2 is larger than about 0.4 GeV2,
there is no visible contribution from the meson loop. This result can be easy understood from the meson cloud
picture where the 3-quark core of nucleon is surrounded by the meson cloud. At low energy transfer, the meson cloud
is important to the nucleon form factors, especially to the nucleon radii. When Q2 becomes large, the photon will
detect the 3-quark core. Therefore, the 3-quark core contribution is dominant to the proton magnetic form factor at
large Q2.
Similarly, the total, tree-level, leading order and next to leading order contributions to the neutron magnetic form
factor are plotted in Fig. 7. Again, one can see that the loop contribution is important for the neutron magnetic
moment and radius. At large Q2, the 3-quark core contribution is dominant. No visible contribution to the neutron
magnetic form factor from meson loop when Q2 is larger than about 0.4 GeV 2.
V. SUMMARY
We studied the nucleon magnetic form factors with the non-local chiral Lagrangian. The one loop integral is not
divergent due to the correlation function. The baryon octets and decuplets are include in the intermediate states.
There are only two free parameters Λ and Λ′ which is determined by the experimental nucleon moments. The
parameters and results for the four kinds of functions are summarized in Table I. Set 1, set 2, set 3 and set 4 are for
the standard Gauss, modified Gauss, standard dipole and modified dipole function, respectively.
The contribution to the form factors from tadpole diagram is very small and can be neglected naturely. We tested
four kinds of correlation functions, i.e. Gauss-type and dipole-type functions. The nucleon form factors can be
described well up to Q2 = 2 GeV2 for all these four kind of functions. The magnetic radii obtained from modified
Gauss and dipole functions are comparable with the empirical data. No visible contribution to the nucleon magnetic
form factors from the meson loop when Q2 is larger than about 0.4 GeV2.
11
Acknowledgments
This work is supported in part by DFG and NSFC (CRC 110) and by the National Natural Science Foundation of
China (Grant No. 11035006).
[1] D. H. Lu, A. W. Thomas and A. G. Williams, Phys. Rev. C 57, 2628 (1998) [arXiv:nucl-th/9706019].
[2] K. Berger, R. F. Wagenbrunn and W. Plessas, Phys. Rev. D 70, 094027 (2004) [arXiv:nucl-th/0407009].
[3] B. Julia-Diaz, D. O. Riska and F. Coester, Phys. Rev. C 69, 035212 (2004) [Erratum-ibid. C 75, 069902 (2007)]
[arXiv:hep-ph/0312169].
[4] A. J. Buchmann and R. F. Lebed, Phys. Rev. D 67, 016002 (2003) [arXiv:hep-ph/0207358].
[5] S. Cheedket, V. E. Lyubovitskij, T. Gutsche, A. Faessler, K. Pumsa-ard and Y. Yan, Eur. Phys. J. A 20, 317 (2004)
[arXiv:hep-ph/0212347].
[6] Amand Faessler, T. Gutsche, M. A. Ivanov, Valery E. Lyubovitskij and P. Wang, Phys. Rev. D 68 (2003) 014011.
[7] R. A. Williams and C. Puckett-Truman, Phys. Rev. C 53, 1580 (1996).
[8] G. Hellstern and C. Weiss, Phys. Lett. B 351, 64 (1995) [arXiv:hep-ph/9502217].
[9] M. Oettel, G. Hellstern, R. Alkofer and H. Reinhardt, Phys. Rev. C 58, 2459 (1998) [arXiv:nucl-th/9805054].
[10] R. Alkofer, A. Holl, M. Kloker, A. Krassnigg and C. D. Roberts, Few Body Syst. 37, 1 (2005) [arXiv:nucl-th/0412046].
[11] G. Eichmann, A. Krassnigg, M. Schwinzerl and R. Alkofer, arXiv:0712.2666 [hep-ph].
[12] J. M. Zanotti, D. B. Leinweber, A. G. Williams and J. B. Zhang, Nucl. Phys. Proc. Suppl. 129, 287 (2004)
[arXiv:hep-lat/0309186].
[13] S. Boinepalli, D. B. Leinweber, A. G. Williams, J. M. Zanotti and J. B. Zhang, Phys. Rev. D 74, 093005 (2006)
[arXiv:hep-lat/0604022].
[14] C. Alexandrou, G. Koutsou, J. W. Negele and A. Tsapalis, Phys. Rev. D 74, 034508 (2006) [arXiv:hep-lat/0605017].
[15] M. Gockeler et al. [QCDSF Collaboration], Phys. Rev. D 71, 034508 (2005) [arXiv:hep-lat/0303019].
[16] M. Gockeler et al., Eur. Phys. J. A 32, 445 (2007) [arXiv:hep-lat/0609001].
[17] M. Gockeler et al. [QCDSF/UKQCD Collaboration], PoS LAT2007, 161 (2007) [arXiv:0710.2159 [hep-lat]].
[18] R. G. Edwards et al. [LHPC Collaboration], PoS LAT2005, 056 (2006) [arXiv:hep-lat/0509185].
[19] C. Alexandrou et al. [Lattice Hadron Physics Collaboration], J. Phys. Conf. Ser. 16, 174 (2005).
[20] S. J. Puglia, M. J. Ramsey-Musolf and S. L. Zhu, Phys. Rev. D 63, 034014 (2001) [arXiv:hep-ph/0008140].
[21] T. Fuchs, J. Gegelia and S. Scherer, J. Phys. G 30, 1407 (2004) [arXiv:nucl-th/0305070].
[22] B. Kubis and U. G. Meissner, Eur. Phys. J. C 18, 747 (2001) [arXiv:hep-ph/0010283].
[23] B. Kubis and U. G. Meissner, Nucl. Phys. A 679, 698 (2001) [arXiv:hep-ph/0007056].
[24] M. R. Schindler, J. Gegelia and S. Scherer, Eur. Phys. J. A 26, 1 (2005) [arXiv:nucl-th/0509005].
[25] D. B. Leinweber, D. H. Lu and A. W. Thomas, Phys. Rev. D 60, 034014 (1999) [arXiv:hep-lat/9810005].
[26] D. B. Leinweber, A. W. Thomas, K. Tsushima and S. V. Wright, Phys. Rev. D 61 (2000) 074502.
[27] D. B. Leinweber, A. W. Thomas and R. D. Young, Phys. Rev. Lett. 92, 242002 (2004) [arXiv:hep-lat/0302020].
[28] C. R. Allton, W. Armour, D. B. Leinweber, A. W. Thomas and R. D. Young, Phys. Lett. B 628 (2005) 125.
[29] W. Armour et al., J. Phys. G 32 (2006) 971.
[30] R. D. Young, D. B. Leinweber and A. W. Thomas, Phys. Rev. D 71 (2005) 014001
[31] P. Wang, A. W. Thomas, D. B. Leinweber and R. D. Young, Phys. Rev. D 75 (2007) 073012.
[32] D. B. Leinweber et al., Phys. Rev. Lett. 94, 212001 (2005) [arXiv:hep-lat/0406002].
[33] D. B. Leinweber et al., Phys. Rev. Lett. 97, 022001 (2006) [arXiv:hep-lat/0601025].
[34] P. Wang, A. W. Thomas, D. B. Leinweber and R. D. Young, Phys. Rev. D 79 (2009) 094001.
[35] P. Wang, A. W. Thomas, D. B. Leinweber and R. D. Young, Phys. Rev. C 79 (2009) 065202.
[36] P. Wang and A. W. Thomas, Phys. Rev. D 81 (2010) 114015.
[37] P. Wang, D. B. Leinweber, A. W. Thomas and R. D. Young, Phys. Rev. D 86 (2012) 094038.
[38] P. Wang, Chin. Phys. C 35 (2011) 223.
[39] P. Wang, Can. J. Phys. 92 (2014) 25.
[40] E. E. Jenkins and A. V. Manohar, Phys. Lett. B 255, 558 (1991).
[41] V. Bernard, N. Kaiser, J. Kambor and U. G. Meissner, Nucl. Phys. B 388, 315 (1992).
[42] V. Bernard, Prog. Part. Nucl. Phys. 60, 82 (2008) [arXiv:0706.0312 [hep-ph]].
[43] P. Ha and L. Durand, Phys. Rev. D bf 58, 093008 (1998); Phys. Rev. D 67, 073017 (2003).
[44] P. Wang, D. B. Lerinweber, A. W. Thomas, Phys. Rev. D 89, 033008 (2014).
[45] E. Jenkins, M. Luke, A. V. Manohar and M. J. Savage, Phys. Lett. B 302, 482 (1993); Erratum-ibid. B 388, 866 (1996).
